Layered transition metal dichalcogenides (TMDs) are ideal systems for exploring the effects of dimensionality on correlated electronic phases such as charge density wave (CDW) order and superconductivity. In bulk NbSe2 a CDW sets in at TCDW = 33 K and superconductivity sets in at Tc = 7.2 K. Below Tc these electronic states coexist but their microscopic formation mechanisms remain controversial. Here we present an electronic characterization study of a single 2D layer of NbSe2 by means of low temperature scanning tunneling microscopy/spectroscopy (STM/STS), angle-resolved photoemission spectroscopy (ARPES), and electrical transport measurements. We demonstrate that 3x3 CDW order in NbSe2 remains intact in 2D. Superconductivity also still remains in the 2D limit, but its onset temperature is depressed to 1.9 K. Our STS measurements at 5 K reveal a CDW gap of  = 4 meV at the Fermi energy, which is accessible via STS due to the removal of bands crossing the Fermi level for a single layer. Our observations are consistent with the simplified (compared to bulk) electronic structure of single-layer NbSe2, thus providing new insight into CDW formation and superconductivity in this model strongly-correlated system.
Many-body electronic ground states can be quite sensitive to the spatial dimensions of a material 1, 2, 3, 4 . In transition metal dichalcogenide materials, for example, significant differences are expected in charge density wave and superconducting (SC) phases as dimensionality is reduced from a bulk 3D material to a single-layer 2D material 5, 6, 7 . NbSe2 is a model system in this regard, as it has been predicted to preserve its CDW order in the single-layer limit, although with significantly shortened CDW wavevector (qCDW) 5 . A metal to semi-metal transition has also been predicted for NbSe2 when it is reduced to the 2D limit 5, 6, 8 . Previous work has shown that the superconducting transition temperature for NbSe2 decreases from its bulk value of TC = 7.2 K as the thickness is reduced 9, 10, 11 , but no experimental studies have yet been performed that explore the interplay between NbSe2 superconductivity and CDW formation in the extreme 2D limit.
CDW behavior in the 3D limit of NbSe2, on the other hand, has been well studied, although the origin of the bulk CDW transition at TCDW = 33K remains controversial. Recent experiments suggest that electron-phonon coupling plays a dominant role in triggering the CDW phase 12, 13, 14, 15, 16, 17, 18 , thus casting doubt on mechanisms involving Fermi-surface nesting 19, 20, 21, 22 and saddle-point singularities 23, 24 . Critical experimental parameters associated with the CDW, namely the magnitude and location of the energy gap also remain unclear. Previous STS measurements on bulk NbSe2 in the CDW phase have revealed an unexpectedly large gap-like structure having width 2 70 meV 25, 26 . In contrast, low-temperature ARPES measurements performed on bulk NbSe2 show an anisotropic CDW energy gap at EF with a width of only a few meV 15 . In general, it is expected that a weak-coupling Here we report new measurements on the electronic structure of single-layer NbSe2 using a combination of STM/STS, ARPES, and electronic transport techniques. This allows us to directly probe the electronic ground state of NbSe2 in the 2D limit, enabling interrogation of the effects of dimensionality and interlayer coupling in this layered material. We observe a reduction in the number of Fermi-level-crossing bands from three (for bulk) to one in the single-layer limit. Despite this change in electronic structure, CDW order in single-layer NbSe2 remains unchanged compared to the bulk case. The simplified bandstructure of single-layer NbSe2, however, allows unprecedented access to the NbSe2 CDW energy gap via STS (observed here to be 2 = 8 meV centered at EF). Superconductivity in NbSe2, on the other hand, is significantly suppressed in the 2D limit, showing an onset of superconducting fluctuations at 1.9 K and a broadened superconducting transition with a midpoint at 0.65 K consistent with a Kosterlitz-Thouless transition. The one Nb antibonding band 5 that remains in the Fermi surface of single-layer NbSe2 thus appears to play a critical role in the NbSe2 CDW state, while the absent bands have a stronger influence on NbSe2 superconductivity 15 . These results provide a new window into the electronic structure of single-layer NbSe2 and help to clarify the longstanding debate over NbSe2 CDW formation.
Our experiments were carried out on high-quality submonolayer NbSe2 films grown on epitaxial bilayer graphene (BLG) on 6H-SiC(0001), as sketched in Fig. 1a . The large-scale STM image in Fig. 1b shows the typical morphology of our single-layer NbSe2 samples. Black regions correspond to the BLG substrate while the NbSe2 layer is purple. The temperature dependence of the electronic ground state of single-layer NbSe2 was measured via STM and electrical transport. Fig. 1c -e show STM topographic data for selected temperatures from T = 45 K to T = 5 K. At T = 45 K, well above the critical transition temperature for bulk NbSe2 (TCDW = 33 K), only the undistorted crystal structure is observed (Fig. 1c) . At a lower temperature of T = 25 K, weak and spotty signatures of a superlattice are apparent (Fig. 1d) . Here small CDW patches surrounded by non CDW regions can be seen. This is reminiscent of STM images of bulk NbSe2 at temperatures close to the CDW transition temperature. 17 At T = 5 K, the 3 x 3 CDW superlattice is fully and uniformly developed for single-layer NbSe2 (Fig.   1e ). Fig. 2 shows the temperature-dependent electrical resistance of single-layer NbSe2 on BLG, acquired using a 4-probe low-excitation dc method (see SI). A downturn in the resistance begins at T = 1.9 K, indicative of the onset of superconducting fluctuations, while the superconducting transition midpoint is at 0.65 K and the zero resistance point at 0.46 K, as shown inset. This data indicate that the trend of reduced superconducting transition (Tc) with decreasing layer number in NbSe2 11, 12 continues down to the single layer limit. We experimentally determined the electronic structure of single-layer NbSe2 through a combination of STS and ARPES. Fig. 3a shows a typical STM dI/dV spectrum of single-layer NbSe2 taken over a large bias range. In the positive bias (empty state) region the most pronounced feature is the peak labeled C1 at Vs = 0 .5 V. For negative bias (filled states) we observe a very shallow asymmetric peak near Vs = -0.2 V (labeled V1), below which the local density of states (LDOS) flattens out and does not rise again until the peak labeled V2 at Vs = -0.8 V. This behavior is very different from previous STS results obtained for bulk NbSe2, which show much higher LDOS in the region -0.8 V < V < 0 V 17 . Fig. 3b shows the ARPES data obtained from the same type of single-layer NbSe2 sample as in Fig. 3a using sp-mixed polarized light. The measured electronic dispersion is energetically aligned with the dI/dV spectrum for comparison. Due to rotational misalignment within the NbSe2 layer, the ARPES dispersion reflects a mixture of states with dominant intensity coming from the high symmetry directions Γ-M and Γ-K. Two dispersive features can be seen crossing EF (highlighted by the orange dashed lines). The ARPES spectrum also shows an energy gap over the range -0.8 eV < E < -0.3 eV, and below this several dispersive bands merge at the Γ-point. In comparison, the ARPES spectrum for 5ML-NbSe2 (see SI) displays an additional Nb-derived band crossing the same energy range that is gapped for single-layer NbSe2.
This experimental data is consistent with the changes in band structure that are predicted to occur when NbSe2 is thinned down to a single layer. 5 The bulk NbSe2 band structure ( Fig. 3c ) has three bands crossing EF (two Nb-derived bands and one S-derived band), and exhibits no bandgap throughout our experimental energy range. Single-layer NbSe2, on the other hand, has a much simpler predicted electronic structure ( 3a ) is also consistent with the predicted single-layer band structure. For example, the peak at C1 is consistent with the high DOS associated with the top of the Nb-derived band at Γ above EF. We can also associate the shallow peak at V1 with the Nb band right below EF. The flat dI/dV region seen between V1 and V2 is consistent with the predicted bandgap (the fact that the dI/dV does not reach zero is due to residual tunneling into the BLG substrate), and the peaks at V2 and V3 are consistent with the lower-energy valence bandstructure 5, 30 . Overall, these features are very different from previous STS spectra obtained for bulk NbSe2, which show much higher LDOS below EF and no signs of a bandgap in the filled-state regions 17 . This is due to the additional electronic bands and resulting DOS expected in this energy range for bulk NbSe2 as compared to single-layer NbSe2 (Figs. 3c-d ). This is also reflected in the additional band that can be seen in the ARPES spectrum of 5ML-NbSe2 (SI), which corresponds to a Nb bonding band (the blue band in Figs. 3c-d). The Se-derived band (green band in
Figs. 3c-d) is typically not observed in ARPES due to the high kz dispersion.
In order to better understand the collective ground states of single-layer NbSe2, we experimentally probed its low-energy electronic structure near EF via STS. Fig. 4 shows a typical lowbias dI/dV spectrum obtained for single-layer NbSe2. This spectrum exhibits a striking energy gap feature centered at EF that is not present in the calculated bandstructure of single-layer NbSe2 (Fig. 3d ).
This feature, which is also not observed experimentally in bulk NbSe2 16, 25, 26 , exhibits a sharp dip at EF bounded by two narrow peaks that sit on top of an asymmetric background. The dip at EF does not reach all the way to zero, suggesting that it is not a full gap in the electronic structure. These STS features (including both wide-bias and low-bias spectra) were observed consistently for hundreds of dI/dV curves measured on several samples using a variety of different tip apexes. However, the width (2Δ) of the low-bias gap feature was found to exhibit some spatial variation, likely due to heterogeneity induced by the presence of defects at the NbSe2/graphene interface (see Fig. 5c ).
Statistical analysis of data (257 curves) obtained at many different locations for T = 5 K yields an average gap value of  = 4.0 mV with a standard deviation of 1 mV (the gap magnitude is defined as half the energy distance between the two peaks bracketing the gap). This value is in agreement with anisotropic gap-opening observed previously by low-temperature ARPES 15 at the Fermi surface near the K point in the band that is predicted to remain in the 2D single-layer limit of NbSe2 (orange band in Fig. 3d ).
In order to better understand the origin of the EF gap feature of Fig. 4 , we performed spatiallyresolved dI/dV mapping of single-layer NbSe2 at different bias voltages near EF. Figs. 5a and 5b show dI/dV conductance maps of the same region taken at bias voltages outside (Vb = -26 mV) and inside (Vb = 3 mV) the low-bias gap region ( Fig. 5c shows STM topography for this same region). The dI/dV conductance map taken at an energy outside of the gap (Fig. 5a ) clearly shows the 3 x 3 CDW pattern, but the conductance map measured at an energy inside of the gap (Fig. 5b) shows no sign of the CDW.
We Fourier analyzed dI/dV maps taken at different voltages in order to obtain a more quantitative understanding of the energy dependence of CDW electronic features. Fig. 5d shows the relative intensity of the resulting 3 x 3 peaks (I3x3) in the FFTs normalized to the intensity of the 1 x 1 Bragg peaks (IBragg). This ratio (I3x3/IBragg(E)) is a measure of the strength of the CDW modulation on the density of states. As seen in Fig. 5d , I3x3/IBragg has large amplitude at energies far from EF, but shows a decrease of nearly two orders of magnitude very close to EF. Fig. 5e shows a higher-resolution plot of the dip in I3x3/IBragg at EF (boxed region in Fig. 5d ). The decrease in the ratio I3x3/IBragg is seen to follow the energy dependence of the low-bias gap-feature observed in dI/dV spectroscopy. This correlation of CDW intensity with gap energy dependence suggests that the gap is the result of CDW order. In particular, the diminishing CDW intensity for in-gap energies suggests that the residual LDOS within the gap arises from a portion of the Fermi surface that is not gapped by CDW order.
Our results allow us to draw some conclusions regarding different models of CDW formation in NbSe2. First, we rule out recently proposed dimensionality effects on the CDW phase that were predicted for single-layer NbSe2 but that are not observed here. This includes a predicted reduction of the CDW wave vector in the 2D limit 5 . We also rule out proposed Fermi surface nesting mechanisms 17, 19, 20, 22 involving the inner pockets around  and K (blue band in Fig.3c ) since these bands are not present in the single-layer limit and the CDW remains unchanged. Since saddle-point-based mechanisms of CDW formation 21, 24 involve the Fermi pockets that are still present in the single-layer limit, we cannot rule them out based on fermiology. However, these mechanisms predict a CDW gap centered at an energy tens of meV away from EF, and thus are inconsistent with our observation that the CDW gap is centered at EF.
Our data also brings out some puzzling features concerning the CDW in NbSe2. On the one hand, our observations that the gap is tethered to the Fermi energy, that is rather small, and that it correlates with the CDW amplitude are all consistent with the notion that the gap is the result of Fermi surface nesting. On the other hand, our observation that the CDW modulation is observed in the LDOS at biases far exceeding the gap edges suggests that the CDW order is not a weak coupling phenomenon arising from Fermi surface nesting. This dual nature of the CDW gap imposes stringent constraints on any future theory of CDW formation in NbSe2.
The suppression of the superconducting onset temperature in single-layer NbSe2 is consistent with the trend previously observed 9, 10, 11 , namely that the superconducting transition temperature decreases with sample thinning. Possible reasons for this include enhancement of thermally driven superconducting phase fluctuations, as well as weakening of the strength of Cooper pairing in 2D.
Additional factors that may contribute to this weakening are the reduced screening of the Coulomb interaction 10 and the reduction of DOS at EF for single-layer NbSe2 arising from band reduction. It is likely that the electronic bands that are absent in single-layer NbSe2 play a key role for thicker NbSe2 films 15 . conductance (dI/dV) spectra were measured at 5 K using standard lock-in techniques. To avoid tip artifacts the STM tip was calibrated by measuring reference spectra on the graphene substrate 28 .
Methods

Single-layer
STM/STS data were analyzed and rendered using WSxM software 32 .
Four-probe contacts for transport measurements were placed on the sample by electron beam evaporation of 6.5 nm Ti and 100 nm Au through a shadow mask onto exposed graphene portions of the NbSe2 sample (with a Se capping layer, see SI). The Se capping layer was then removed in UHV and resistance measurements were subsequently performed either in-situ inside the STM chamber, or in a Quantum Design PPMS dilution refrigerator (employing a rapid transfer from the UHV chamber to the inert gas/vacuum PPMS chamber). Measurements were made using a Keithley 2602A source- 
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ARPES characterization of the monolayer and 5ML-NbSe2
The in-situ angle-resolved photoemission spectroscopy ( S2 ).
Even though the ARPES spectra along Γ-M and Γ-K directions were mixed due to the randomly rotated domains, we still can distinguish the Γ-M and Γ-K bands by using different photon polarizations 1 . Figs. S1e and S1g are the ARPES spectra of a monolayer NbSe2 film taken with s-polarization and sp-mixed polarization, respectively. The corresponding second-derivative spectra are provided for enhanced visibility (figures S1f and S1h). Using s-polarized photons, only the Γ-M band (depicted by the orange dotted line) can be observed in figs. S1e and S1f; using sp-mixed polarized photons, both the Γ-M band and the Γ-K band (depicted by dotted and dot-dashed orange lines, respectively) can be observed in figs. S1g and S1h. Importantly, we found only one band crossing the Fermi level for single-layer NbSe2, which agrees well with recent theoretical calculations (fig. S1k). 2 We also grew and characterized thicker NbSe2 films. Unfortunately, we noticed that the quality of few-layer NbSe2 reduces gradually with the number of layers. Figs. S1i and S1j are the ARPES spectra and second-derivative spectra of a 5 ML NbSe2 film. The ARPES spectra of this 5 ML NbSe2 film became significantly more blurred than those of the single layer. However, we still can clearly observe a second band crossing the Fermi level in the second-derivative spectrum (depicted by the blue curve in figs. S1i and S1j). Comparison of this data with theoretical calculations for the bulk NbSe2 band 
Transport measurements
The dc electrical resistance of the sample was measured using a 4-probe contact configuration as shown in Fig. S3 . 
